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SUMMARY 


All  simulated  and  actual  submarine  escape  trials  carried  out  by  the  Rovni  Navy 
from  1945  to  the  present  time  are  described  and  tabulated.  An  attempt  has  been 
made  to  integrate  these  results. 

A  further  attempt  has  been  made  to  assess  more  precisely  the  risk  of  decompression 
sickness  after  submarine  escapes.  This  risk  has  so  far  been  determined  entirely  by 
trial  and  erroi.  The  theoretical  behaviour  of  various  tissues  in  the  body  during  such 
escapes  have  been  calculated  and  correlated  with  past  results.  A  simple  but  effective 
formula  is  proposed  to  allow  immediate  assessment  of  the  risk  of  decompression 
sickness  after  a  particular  escape. 

The  possible  contribution  of  oxygen,  and  of  the  overloading  of  the  'fast'  tissues  with 
nitrogen,  to  the  changing  nature  of  decompression  sickness  after  deep  escapes  is 
discussed. 

The  feasibility  of  even  deeper  submarine  escapes  and  other  future  developments  are 
briefly  discussed. 
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INTRODUCTION 


Now  that  the  "air  breathing  buoyant  ascent"  submarine  escapes  from  G0'.»  ft.  have 
been  successfully  completed  in  open  sea  trials  (Upshot  V)it  is  necessary  to 
consider  whether  deeper  escapes  arc  feasible  and  whether  greater  safety  can  be 
achieved  in  the  present  range. 

The  author  felt  that  it  would  be  useful  to  review  all  such  simulated  submarine  escape 
trials  and  actual  escape  trials  from  submarines  at  sea  carried  out  by  the  Roval  Navy 
since  the  present  series  were  initiated  in  1945.  The  information  has  been  gathered 
from  various  published  and  unpublished  reports.  A  number  of  the  earlier  workers 
have  been  kind  enough  to  seek  out  and  provide  further  details  from  their  original 
protocols.  It  is  hoped  that  the  bringing  together  of  this  widely  scattered  information 
into  one  document  will  help  present  and  future  workers  to  integrate  and  understand 
the  results  of  numerous  experiments  over  the  last  twenty-five  years. 


HANDLING  OF  DATA 

Details  of  all  goat  experiments  are  given  in  Table  I.  Similarly,  all  simulated 
(chamber)  or  real  submarine  escapes  carried  out  by  Royal  Naval  personnel  are 
given  in  Table  II.  There  is  a  very  wide  range  of  depth,  rate  and  type  of  compression, 
rate  of  decompression  and  time  at  maximal  pressure.  The  number  of  subjects  in 
each  experiment  also  varied  greatly.  This  number  is,  naturalh  ,  of  great  importance 
in  interpreting  the  significance  of  any  particular  results. 

The  information  is  given  in  Tables  I  and  II  in  the  following  manner.  Column  1  gives 
the  depth  of  the  escape,  column  2  the  time  at  maximal  pressure,  column  3  the  rate 
of  compression  and  column  4  the  rate  of  decompression.  Columns  5,  6  and  7  are 
concerned  with  an  attempt  to  provide  an  easy,  albeit  approximate,  estimate  of  ihc 
amount  of  excess  nitrogen  contained  in  the  subjects'  tissues  on  surfacing  after  the 
escape  procedure.  This  will  be  discussed  at  greater  length  later.  Column  8 
gives  the  number  of  subjects  in  each  series  and  column  9  the  number  developing 
decompression  sickness.  Column  10  gives  the  individual  details  of  each  case 
of  decompression  sickness,  column  11  the  diagnosis  and  column  12  the  final  outcome. 

As  only  two  cases  of  decompression  sickness  occurred  in  the  human  exposures 
repoi’tcd  in  Table  II,  columns  10,  11  and  12  aro  combined  in  the  single  column  (9) 
where  comments  arc  made  on  certain  aspects  of  the  experiments. 

Assessment  of  Risk.  Returning  to  the  figures  given  in  columns  5,  6  and  7  in 
Tables  I  and  II,  it  was  felt  that  it  might  be  useful  to  have  an  approximate  estimate 
of  the  degree  of  risk  to  the  subjects  during  these  remarkably  varied  escape 
procedures.  So  far  this  has  only  been  don^  by  trial  and  error.  The  basis  of  the 
method  used  here  is  to  merely  calculate  /  Excess  pressure,  dt  (termed  SPdt 
from  now  on).  This  is  the  summation  of  the  multiple  of  depth  in  feet  (representing 
the  increased  pressure  of  nitrogen)  x  time  in  seconds  during  the  whole  of  the 
exposure  to  increased  pressure.  This  calculalior  will  only  give  a  measure  of  the 
nitrogen  absorbed  by  the  subject  if  the  following  conditions  arc  satisfied 

1.  The  body  is  taking  up  nitrogen  throughout  the  exposure  to  increased 
pressure,  including  the  whole  period  of  decompression. 

2.  The  rate  of  uptake  of  nitrogen  remains  proportional  to  the  excess 
ambient  pressure  throughout  the  exposure. 
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Thes  •  assumptions  are  patently  not  valid;  particularly  in  the  early  scries  (sec  Table  I) 
with  slow  compression  and  decompression  and  2  to  7  minutes  at  maximal  depth. 

'rider  these  conditions  the  rate  of  nitrogen  uptake  for  a  given  pressure  will  begin  to 
fall  considerably  even  while  at  high  pressure  and  nitrogen  will  be  excreted  rather  than 
absorbed  during  a  considerable  part  of  the  decompression.  In  such  eases  SPdl  will 
give  a  considerable  overestimate  of  the  extra  nitrogen  in  the  body  and  the  risk  of 
decompression  sickness  on  surfacing. 


As  the  series  developed  the  escape  procedure  became  a  very  rapid  'bounce'  dive  with 
rapid  compression  (20  seconds  approx. )  and  a  few  seconds  on  bottom.  The  major 
exposure  to  increased  pressure  in  such  escapes  is,  in  fact,jat  present,  limited  to  about 
8.5  ft.  per  second.  tke.  asotrct  u>kick  is, 

It  is  useful  to  consider  a  particular  example  of  this  type  of  escape  as  carried  out  from 
500  ft.  in  the  Upshot  V  trials  (see  Figure  1).  In  such  a  rapid  escape  (20  sees, 
compression  of  which  250  to  500  ft.  only  takes  5  seconds,  3  secs,  maximum  pressure, 
GO  sees,  decompression)  the  circulation  time  becomes  an  important  factor.  II  we 
assume  that  the  blood  takes  10  seconds  to  travel  from  the  lung  to  the  tissues,  there 
will  be  a  similar  lag  between  the  ambient  pressure  and  the  arterio-eapillary  blood 
gas  tensions.  Thus  when  the  ascent  commences  the  arterio-eapillary  blood  gas 
tensions  would  be  only  160  ft.  sea  water  and  when  the  arterio-eapillary  blood  gas 
tension  reaches  500  ft.  the  subject  would  have  already  ascended  60  ft.  from  the 
submarine.  When  the  subject  surfaces  the  arterio-eapillary  blood  gas  tension  would 
still  be  83  ft.  of  seawater. 

Although  it  is  tolerably  certain  that  by  far  the  greatest  volumes  of  nitrogen  will  be 
absorbed  during  the  decompression  in  such  an  escape,  no  previous  attempts  seem  to 
have  been  made  to  estimate  the  nitrogen  uptake  of  various  tissues  during  the  escape 
cycle.  It  is  likely  that  in  such  a  brief  exposure  to  high  pressure  the  'very  fast' 

(1-2  min.  half  saturation)  and  'fast'  (3-7  min.  half  saturation)  are  those  mainly 
involved.  The  model  selected  for  study  was  one  kilogramme  of  'fluid'  (partition 
coefficient  =  1)  tissue  with  varying  perfusion  rates.  It  is  generally  agreed  that  the 
nitrogen  uptake  of  'fast'  tissues  is  largely  perfusion  limited.  Complete  equilibration 
of  nitrogen  tension  throughout  the  kilogramme  of  tissue  and  the  effluent  blood  was 
also  assumed.  If  the  kilogramme  of  tissue  is  given  a  perfusion  rate  similar  to 
that  of  the  human  brain  (540  ml.  /Kg.  /min. )  then  the  half  saturation  time  at  constant 
pressure  is  80  seconds  (k  0.  52).  The  uptake  of  nitrogen  of  such  a  tissue  can  be 
calculated  during  the  various  phases  of  the  escape  cycle  and  details  and  results  of 
this  calculation  are  given  in  Table  HI  (Annex)  and  are  illustrated  in  Figure  1.  It  is 
appreciated  that,  apart,  from  the  assumptions  made,  these  calculations  are  not  totally 
accurate  but  a  number  of  very  interesting  points  emerge. 

In  the  'very  fast'  model  only  29%  of  the  total  nitrogen  absorbed  during  the  whole 
cycle  is  taken  up  during  compression  and  at  maximal  pressure.  Seventy-one  per 
cent  is  absorbed  during  the  decompression.  Further,  in  this  500  ft.  escape,  nitrogen 
is  absorbed  until  4  seconds  before  surfacing. 

In  using  SPdt  as  a  measure  of  nitrogen  absorbed  and  present  in  the  body  on  surfacing 
it  is  assumed  that  the  uptake  is  proportional  to  the  ambient  pressure  throughout. 

One  can  easily  calculate  the  nitrogen  uptake  of  the  tissue  making  no  allowance  for 
the  increasing  tissue  nitrogen  tensions  during  the  escape  procedure  and  these  figures 
are  also  given  in  Table  Hi.  The  calculated  'true'  nitrogen  uptake  of  the  'very  fast' 
tissue  is  76%  of  that  as  measured  by  SPdt. 
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This  percentage  will  be  much  higher  in  less  perfused  or  partially  diffusion  dependent 
tissues.  For  instance,  if  we  take  a  ’fast'  tissue  with  150  ml.  /Kg.  /min.  perfusion 
(half  saturation  time  5  minutes;  k  0. 130),  the  calculated  'true'  nitrogen  absorption 
of  this  'five-minute'  tissue  is  89%  of  that  obtained  when  it  is  assumed  that  the 
nitrogen  uptake  is  entirely  proportional  to  the  excess  nitrogen  pressure  (SPdt 
technique).  The  reasons  for  this  relatively  small  difference  is  the  extreme  brevity 
of  the  exposure  and  the  very  rapid  fall  of  ambient  pressure  and  nitrogen  tensions 
just  as  the  increasing  tissue  nitrogen  tension  is  beginning  to  slow  down  absorption 
(see  Figure  1).  These  calculations  arc  also  given  in  the  Annex  (Table  TV).  It  will 
be  noted  that  the  'five-minute'  tissue  is  absorbing  nitrogen  throughout  the  escape 
from  500  ft.  and  that  the  final  tissue  nitrogen  tension  is  only  one  atmosphere 
(Haldane  ratio  2.  29). 

The  possible  role  of  'very  fast'  and  'fast'  tissues  in  decompression  sickness  after 
the  escape  procedure  will  be  discussed  later.  There  is  no  doubt  that  the  use  of  a 
computer  (in  contrast  to  the  author's  slidc-mlci  to  calculate  the  behaviour  of 
different  tissues  during  the  escape  cycle  would  greatly  add  to  our  understanding 
of  the  hazards  of  submarine  escape.  Meanwhile  SPdt  appears,  on  theoretical 
grounds,  to  be,  for  the  time  being,  a  useful  approximate  measure  of  the  risk  of 
decompression  sickness  after  the  escape.  Figures  3  and  4  certainly  bear  witness 
to  this. 

Calculation  of  SPdt.  Figure  2  shows  a  simulated  escape  (heavy  line)  from  a  depth 
D  diagramatically.  Time  of  compression  (C).  on  bottom  (T.  O.  B.  )  and  of 
decompression  (D.  C. )  are  shown.  If  the  rate  of  compression  and  decompression 
arc  constant,  although  they  may  be  different,  then  it  is  obvious  that  (C/2  T.  O.  B. 

+  D.  C.  ,/2)  x  max.  depth  equals  SPdt.  Columns  5  an  6  in  Tables  I  and  H  show 
C/2,  T.  O.B.  ,  and  D.C./2  separately  and  summated.  SPdt  is  shown  in  column  7. 

In  all  the  early  experiments  a  constant  rate  of  compression  was  aimed  at  but  not 
always  achieved.  In  recent  years  in  all  the  sea  escapes  thci’c  is  not  only  a  very 
rapid  rate  of  compression  but  a  doubling  of  pressure  in  constant  time.  This  is 
not  only  favourable  to  ear  clearing  (early  compression  slower)  but  greatly  reduces 
the  time  of  exposure  to  the  very  high  pressure  and  the  resultant  absorption  of 
nitrogen.  Ari  accurate  calculation  of  SPdt  during  compression  can  easily  be  made 
(C/3  x  depth  approximately)  and  should  be  used  in  future  calculations. 

Finally,  all  the  results  of  the  goat  experiments  arc  shown  in  Figures  3  and  4. 
hi  Figure  3  the  'equivalent  time'  at  depth  (C/2  +  T.O.  B.  +  D.C./2)^is  plotted 
against  the  maximal  depth.  The  isopleths  are  the  multiples  of  the  values  and 
allow  SPdt  to  be  noted  in  relation  to  each  series.  In  Figure  4  SPdt  is  plotted  against 
the  escape  depth.  As  SPdt  is  strongly  influenced  by  the  maximal  depth  there  will 
be  some  inherent  relationship.  Nevertheless  the  figure  demonstrates  the  value  of 
SPdt,  despite  its  definable  shortcomings,  as  an  easily  calculable  measure  of  safety. 

In  78  out  of  the  90  series  of  exposures  the  number  of  goats  employed  was  5  to  30 
Of  the  remaining  22  experiments,  with  four  or  less  goats,  19,  mam  of  which  were 
single  exposures,  were  in  the  original  400-500  ft.  studies  (sec  Table  I). 

If  even  a  single  instance  of  Type  IT  D.  C.S,  occurred  in  a  scries  then  it  is  represented 
in  Figures  3  and  4  by  a  Type  II  D.  C.S.  symbol  (  •  ).  The  same  holds  with  the  series 
represented  by  the  symbol  for  bends  cured  by  reconi pression  (  A )  or  bends  recovering 
v'ithout  recompression  (A).  If  no  ease  of  decompression  sickness  occurred  in  the 
series  then  an  open  circle  is  used  (  o  ).  Thus  the  degree  of  safety  or  danger  is 
expressed  in  an  all  or  none  manner  as,  ideally,  completely  safe  exposures  are  being 
sought.  -  3  - 


.•'({jure  5  illustrates  in  t!ie  same  way  the  human  simulated  or  actual  submarine  escajies 
which  are  detailed  in  Table  II. 


UK  VIEW  OF  ESCAPE  SERIES 
Donald.  Davidson  and  Shclford,  1945  <1 , 2) 

This  work  was  carried  out  in  the  Admiralty  Experimental  Diving  Unit  between  VE 
and  VJ  Days.  The  feasibility  of  this  escape  procedure,  breathing  air,  rested  on  the 
safe  immediate  surfacing  of  goats  after  exposures  of  15  minutes  to  air  pressures  of 
up  to  150  ft.  sea  water.  Reported  instances  of  individual  emergency  free  ascent 
escapes  from  over  200  ft.  during  the  Second  World  War  also  gave  rise  to  optimism 
(see  Report  of  the  Ruek-Keene  Committee  for  details).  In  earlier  work  Kagiyama, 
1954  (3)  had  shown  that  air  divers  could  surface  immediately  after  15  minutes  at 
104  ft.  without  decompression  sickness.  Shilling  and  Hawkins,  1936  (4)  had  also 
shown  that  divers  breathing  air  could  surface  safely  after  37  minutes  at  100  ft. , 

IS  minutes  at  150  ft.  and  14  minutes  at  1S5  ft. 

Goats  were  used  in  the  present  study.  They  had  long  been  employed  in  the  study  of 
decompression  sickness  and  work  in  many  fields  in  the  Admiralty  Experimental 
Diving  Unit  during  the  war  (mixture  diving,  surface  decompression,  etc. )  had 
confirmed  that  the  comparability  with  man,  in  this  regard,  wras  remarkable. 

At  this  time  the  feasible  rate  of  compression  was  considered  to  be  2  ft.  per  second. 
The  time  necessary  at  maximal  depth  was  thought  to  be  2  to  3  minutes  (exchange  of 
signals,  manipulation  of  hatch,  possible  ejection  mechanisms).  Observations  showed 
that  the  rate  of  ascent  without  added  fouyaney  was  also  2  ft.  per  second. 

It  will  be  seen  (Table  I)  that  successful  runs  occurred  with  simulated  escapes  from 
150  ft.  (3,  5  and  7  minutes  on  bottom).  200  ft.  (3  and  5  minutes  on  bottom),  and 
250  ft.  (3  and  5  minutes  on  bottom). 

Incurable  decompression  sickness  occurred  after  7  minutes  at  250  ft.  (one  out  of 
four  goats),  3  minutes  at  300  ft.  (three  out  of  five)  and  5  minutes  at  300  ft.  (one 
out  of  five). 

A  further  series  of  simulated  escapes  from  300  ft.  were  carried  out  with  the  same 
rate  of  compression  and  decompression  but  using  a  34%  oxyger./66%  nitrogen 
mixture.  Two  escapes  with  5  minutes  at  300  ft.  and  three  escapes  with  7  minutes 
at  300  ft.  were  completed  with  no  signs  of  decompression  sickness  (2). 

The  assumption  that  the  role  of  oxygen  in  decompression  sickness  could  be  ignored 
in  superoxygenated  mixture  diving  or  submarine  escape,  or  even  in  submarine  escape 
breathing  air  from  great  depths,  was  also  questioned  at  this  time.  Experiments 
were  carried  out  (5,  6)  which  showed  that  very  severe  but  transient  decompression 
sickness  could  be  caused  by  superoxygenated  air  (60%  oxygen). 

The  tolerable  rate  of  compression  and  possible  dangers  of  nitrogen  narcosis  were 
also  considered.  It  was  shown  that  men  could  be  compressed  without  discomfort 
at  6  ft.  per  second  and  that  they  were  able  to  carry  oui  cancellation  tests  during 
such  a  compression  and  at  300  ft.  with  reasonable  efficiency  (2). 


Pratt  and  Taylor,  1946  (7) 


These  trials  were  carried  out  at  the  Royal  Naval  Physiological  Laboratory  after 
discussions  between  the  Underwater  Physiology  Subcommittee  and  Admiral 
Ruck- 'Keene.  Although  they  are  reported  as  from  300  ft.  ,  they  were  actually 
from  330  ft.  The  ’danger  zone'  in  the  previous  series  was  avoided  and  no  imjmrtant 
casualties  occurred.  The  rate  of  compression  and  decompression  was  2  ft.  per 
second  as  in  the  previous  series.  Maximal  time  on  bottom  was  2  minutes.  Throe 
out  of  fourteen  goats  developed  bends  (Type  I)  in  this  exposure  but  only  one  required 
recompression. 

Simulated  escapes  from  this  depth  were-  also  carried  out  (1  and  1,  5  minutes  on 
bottom)  with  a  decompression  rate  of  4  ft.  per  second.  No  important  difference 
was  noted  (see  Table  I). 

Taylor,  1947  (8) 

Taylor  was  asked  by  the  Underwater  Physiology  Subcommittee  to  carry  out  longer 
exposures  (time  at  maximal  pressure)  at  300  ft.  The  rate  of  ascent  was  again  4  ft. 
per  second.  His  findings  (see  Table  I)  were  very  similar  to  those  of  Donald  et  al 
(1.  2). 

If  we  examine  the  results  so  far  obtained  as  plotted  in  Figures  2  and  3,  the  incidence 
of  decompression  sickness  in  300  to  330  ft.  range  is  reasonably  consistent.  Serious 
decompression  sickness  occurred  when  SPdt  was  over  990  hundred  ft.  see.  (h.  f.  s. ). 
Bends  requiring  recompression  occurred  with  940  and  876  h.f.  s.  and  bends  not 
requiring  reeompression  occurred  with  841  and  706  h.  f.  s. 

Taylor,  1947-8  (9,10) 

During  the  late  forties  Taylor  (9)  showed  that  goats  could  safely  carry  out  the 
simulated  escape  procedure  from  220  and  300  ft.  (4  ft.  per  second  decompression) 
while  submerged  underwater.  He  further  showed  that  unconscious  anaesthetized 
goats  could  make  similar  simulated  ascents  while  underwater  without  any  untoward 
effects  (10). 

Wright  (12)  and  Cowan  (ID,  1948-9 

Human  experiments  were  carried  out  at  the  Royal  Naval  Physiological  Laboratory 
in  relation  te  the  respiratory  behaviour  during  the  ascent.  Calculations  suggested 
that  there  would  be  no  important  carbon  dioxide  accumulation  in  a  4  ft.  per  second 
ascent  from  300  ft.  Yet  most  subjects  'felt  a  great  need'  te  inspire  during  4  ft. 
per  second  decompression  from  150,  200  and  250  ft.  Only  Wright  continued  io 
exhale  throughout  and  he  blithely  completed  300  ft.  escapes  above  and  below  water 
with  2  and  4  ft.  per  second  rates  of  ascent.  It  is  not  generally  realized  that  these 
were  the  first  human  simulated  escapes  from  such  depths  (see  Table  II  and  Figure  5) 
and  that  Wright  carried  out  the  great  majority  of  them.  In  the  300  and  330  ft. 
escapes  SPdt  figures  of  399  to  549  h.f.  s.  were  encountered  but  these  are  well 
within  the  safety  zone  at  these  depths  as  judged  by  goat  experiments.  No 
decompression  sickness  was  encountered. 

There  was  now  considerable  doubt  as  to  whether  most  subjects  could  ascend  from 
300  ft.  without  inspiring  and  drowning,  even  if  the  rate  of  ascent  were  increased 
considerably. 


Another  most  important  contribution  following  the  Ruck-Kcene  Committee  was  the 
i  reduction  of  the  Submarine  Escape  Immersion  Suit  with  a  buoyancy  stole.  This, 
with  10  lbs.  buoyancy,  gave  a  rate  cf  ascent  of  4-5  ft.  per  seeond  (13). 

It  had  also  boon  agreed  that  the  100  ft.  tank  should  he  constructed  in  HMS  DOLPHIN  for 
free  ascent  training. 


In  1050  the  IIMS  TRUCULENT  tragedy  high-lighted  many  of  the  great  dangers  of 
eompartmentul  escape  even  from  relatively  shallow  depths.  The  multiple  hazards  of 
compartmental  escapes  (decompression  sickness,  carbon  dioxide  poisoning,  oxygen 
[xjisoning,  compressed  toxic  fumes  and  gases)  from  greater  depths  were  already 
well  appreciated  (2,  7).  The  need  for  free  ascent  training  and  definite  positive 
buoyancy  during  the  ascent  was  now  even  more  clearly  recognized. 

Vet  there  was  a  remarkable  pause  during  the  next  decade  f  Though  buoyant  ascent 
training  began  in  1953.  Methods  of  absorbing  carbon  dioxide  from  the  escape 
department  during  flooding  (spray-flooding,  refrigeration)  were  explored  but  without 
success.  The  use  of  oxy-nitrogen  mixtures  both  in  the  built-in-brer. thing- system 
(RIBS)  and  in  the  submarine  escape  breathing  apparatus  was  investigated  and  a  40% 
oxygen,  60%  nitrogen  mixture  was  recommended  by  the  Subcommittee  and  adopted. 
However,  the  use  of  these  mixtures  was  discontinued  after  a  few  years  owing  to 
difficulties  in  supply  and  proper  maintenance  out-weighing  possible  gains  in  safe 
escape  depth. 


The  United  States  Naval  Research  Laboratory  carried  out  work  on  increasing  speeds 
of  compression  of  human  subjects  and  performed  simulated  escapes  on  air  down  to 
450  ft.  (no  details  available).  Successful  escapes  (14)  were  accomplished  by  two 
subjects  in  open  water  from  302  ft.  (keel  depth  322  ft. ).  Compression  time  was  25 
seconds,  time  at  maximal  depth  7  seconds  and  rate  of  ascent  5.  7  ft.  per  seeond 
(53  seconds  ascent).  Assuming  linear  compression  SPdt  was  139  h.  f.  s.  ,  again, 
a  very  safe  exposure  at  this  depth. 

It  was  not  until  1962  that  the  Underwater  Physiology  Subcommittee  strongly 
recommended  that  escapes  should  be  carried  out  by  the  Royal  Navy  from  submarines 
in  open  water.  Rapid  compression,  which  was  now  feasible, was  also  recommended  even 
at  the  possible  risk  of  rupture  of  the  ear  drums.  At  the  same  meeting  another 
important  development  occurred.  Trials  of  the  Siebe  Gorman  hood  were  reported  but 
with  only  moderate  enthusiasm  (15). 

Upshot  I  Trials  (HMS  TIPTOE),  1962  (16) 

These  trials  were  carried  out  successfully  in  open  water  in  August  and  September 
(see  Table  II).  They  were  preceded  by  preliminary  trials  in  HMS  TIRELESS  where 
the  subjects  were  decompressed  in  the  escape  tower.  High  pressure  air  was  used 
for  compression,  a  geometric  rate  of  compression  was  aimed  at. 

The  deepest  escapes  from  HMS  TIPTOE  were  from  240  ft.  (keel  depth  260  ft. ). 
Compression  time  was  30  seconds  (pressure  doubled  in  constant  time),  time  at 
maximal  pressure  27  to  49  seconds,  and  rate  of  ascent  5.5  ft.  per  second,  with  stole 
only,  and  6.  5  ft.  per  second  with  stole  and  hood.  The  maximal  individual  exposure 
was  30  seconds  compression.  49  seconds  on  bottom  and  38  seconds  ascent.  SPdt  was 
19!)  h.  f.  s.  .  again,  a  very  sate  exposure.  The  subjects  without  a  hood  felt  no  desire 
to  breath  in  during  the  ascent  and  no  great  preference  was  expressed  for  hoed  ascents 
(16). 


In  April  1963,  the  Submarine  Escape  Working  Party  of  the  Underwater  Physiology 
Subcommittee  was  set  up.  Us  remit  was  to  make  recommendations  concerning  o]>cn 
sea  escape  trials  from  450  ft.  and  then,  perhaps,  from  GOO  ft.  It  was  emphasized 
that  the  escape'  tower  needed  stream-lining.  Even  higher  rates  of  compression, 
with  doubling  of  pressure  in  constant  time,  were  desirable  and  feasible.  It  was 
also  considered  necessary  to  improve  the  hood  and  its  air  supply  during  this  very 
rapid  compression.  There  was  general  agreement  that  time  at  maximal  pressure 
should  be  only  a  few  seconds. 

Permission  had  been  given  by  Flag  Officer,  Submarines  for  human  trials  to 
determine  feasible  rates  of  compression  and  the  speed  of  onset  and  effects  of  nitrogen 
narcosis.  These  trials  were  to  be  followed  by  simulated  escapes  as  recommended 
by  the  Subcommittee.  The  Royal  Naval  Physiological  Laboratory  had  already  achieved 
compression  to  360  ft.  in  18  seconds  without  untoward  symptoms. 

A  series  of  simulated  escapes  using  goats  were  also  commenced.  The  results 
obtained  were  reported  in  UPS  232  (17,  interim  report)  and  in  UPS  241  (18).  The 
results  given  in  Table  I  arc  those  from  the  full  report  (18)  by  Barnard  and  Eaton. 

This  work  was  complete  before  the  Upshot  fV  Trials  (July,  1965). 

A  useful  and  .‘successful  trial  was  carried  out  in  Loch  Fvne  (HMS  ORPHEUS)  in 
October,  1964  from  a  keel  depth  of  200  ft.  using  the  single  escape  tower,  the  new 
hood  and  inflation  system  and  Mark  VI  Submarine  Escape  Immersion  Suit.  The  rate 
of  ascent  was  found  to  be  8  ft.  per  second. 

Barnard  and  Eaton,  1963-5  (18) 

A  series  of  simulated  escapes  were  carried  out  with  goats  from  300  to  500  ft. 
Compression  time  was  30  seconds  and  the  rate  of  ascent  4  to  5  ft.  per  second. 

Time  on  bottom  varied  from  1. 5  to  2.  5  minutes.  Five  and  ten  minute  decompression 
stops  at  10  ft.  were  used  as  well  as  direct  ascents.  It  is  not  possible  to  judge 
the  protection  afforded  by  the  10  ft.  decompression  stop  procedure  as  against  direct 
surfacing  in  this  scries  as  only  one  definite  instance  of  severe  decompression  sickness 
occurred  in  40  escapes.  Only  the  direct  ascents  from  400,  450  and  500  ft.  are  shown 
in  Table  I  (Scries  I). 

In  their  second  scries  (same  time  of  compression  and  rate  of  decompression)  all 
goats  surfaced  immediately.  The  300  and  400  ft.  escapes  were  uneventful,  the  time 
on  bottom  being  about  30  seconds.  Li  the  500  ft.  escapes  single  studies  were  mainly 
carried  out  with  increasing  time  on  bottom.  Two  incurable  Type  II  cases  of 
decompression  sickness  occurred  (see  Table  I  and  Figures  2  and  3)  after  exposures 
at  maximal  depth  of  71  and  118  seconds.  SPdt  in  these  two  instances  was  740  and  920 
h.  f.  s.  respectively. 

The  human  exposures  were  from  300  to  500  ft.  (sec  Table  IT).  The  rate  of 
decompression  was  5  to  6  ft.  per  second.  Time  on  bottom  up  to  400  ft.  was  40  seconds. 
Time  of  compression  (linear  in  time)  was  20  seconds.  If  it  was  more  prolonged  the 
time  on  bottom  was  reduced  by  that  amount.  Barnard  and  Eaton  first  used  10  ft. 
stops,  particularly  after  escapes  from  the  greater  depths  and  reduced  the  stop  from 
5  minutes  to  1  minute  before  carrying  out  a  direct  ascent  experiment.  Seventeen 
successful  direct  ascent  escapes  were  carried  out  from  350  ft.  and  ten  from  400  ft. 
(maximal  SPdt  360  h.  f.  s. ). 
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\t  I ft.  ,  IS  successful  ewaj'es  were  completed  with  20  seconds  compression  and 
•>  v  f-oii<ls  on  bottom.  SIMt  was  3S2  h.  f.  s.  In  the  500  fi.  escapes  5  exposures 
w<  i  nrried  out  with  20  seconds  on  bottom  and  3  with  30  seconds,  approximately, 
«*n  !  <»Uom.  The  latter  cxfiosurc  is  probably  the  most  dangerous  escape  carried  out 
1  v  hun  an  subject  ,  Si’ll:  l*ei»rg  412  h.  f.  s.  Oni‘  of  the  three  subjects  developed 
Tv|h  il  dccomprc  sioa  sickness  (masaise,  parasthesiae  right  arm, slurred  speech, 
ataxia)  which  was.  rapidly  cured  by  therapeutic  rccomprossion  with  air  to  165  ft. 

Upshot  IV  (UMS  OHl’HEl’S),  July  11)65  (19.  20) 

This  trial  was  carried  out  in  the  open  sea  in  July  1965.  Maximal  keel  depth  was 
500  ft.  (escape  depth  475  ft. ).  The  escapes,  which  were  without  untoward  events, 
are  detailed  in  Tabic  11.  Compression  (pressure  doubled  in  constant  time)  was 
achieved  in  25  seconds,  time  on  bottom  was  4  seconds,  rate  of  ascent  3  ft.  per 
second.  Maximal  SIM;  was  207  h.  f.  s.  .  an  extremely  safe  figure  at  this  depth 
as  judged  b\  previous  human  and  goat  experiments  (see  I-'igurcs  2.  3  and  4). 

Upshot  IV  emphasized  the  remarkable  success  and  potential  of  this  method  of 
escajv.  No  important  narcosis  was  felt  by  the  subjects. thus  confirming  the  findings 
of  Ilcnnett.  Dossett  and  Hay  (21).  The  hood  inflation  system  through  the  buoyancy 
stole  worked  ext reineh  well.  Lieutenant  Commander  Todd  reported  that  he 
considered  that  i.o  special  ability  or  lengthy  training  was  required  by  the  escapers. 

After  Upshot  IV  there  was  considerable  debate  in  the  Subcommittee  and  elsewhere 
as  to  whether  experiments  at  greater  depths  were  needed  or  justifiable. 
Nevertheless  the  Subcommittee  decided  to  recommend  that  rclevan'  research  should 
continue  so  that  :uiimal  data  would  be  ready  if  a  600  ft.  open  sea  escape  was  later 
proposed  bv  the  Executive. 

Eaton,  19S7  (i)  (22) 

The  next  series  reported  by  Eaton  from  the  Royal  Naval  Physiological  Laboratory 
was  a  very  inijiortant  one.  Escapes  from  500  to  700  ft.  were  carried  out,  the 
time  of  compression  (linear)  being  30  seconds  throughout.  Two  widely  different 
rates  of  decompression  were  employed,  6  ft. per  second  and  15  to  20  ft.  per  second. 

In  the  500  ft.  series, escapes  with  30  and  60  seconds  on  bottom  caused  no 
decompression  sickness  at  either  rate  of  aseent.  With  90  seconds  at  maximal 
depth  there  was  a  suggestive  difference  in  favour  of  the  more  rapid  ascent  (see 
Table  I).  Unfortunately,  both  at  500  and  600  ft. ,  as  casualties  began  to  appear  with 
longer  time  on  bottom,  only  the  more  rapid  ascent  was  used. 

However,  there  is  one  striking  pair  of  series  at  700  ft.  With  45  seconds  on  bottom 
and  a  rate  of  ascent  of  b  ft.  per  second,  three  incurable  cases  of  Type  II 
decompression  sickness  occurred  in  6  escapes.  With  the  same  rate  of  compression 
and  time  on  bottom  and  15  ft.  per  second  rate  of  ascent,  there  were  no  casualties 
in  8  escapes.  The  behaviour  of  'very  fast'  (80  seconds)  and  'fast'  (5  minute)  tissues 
have  been  calculated  during  these  two  escapes  and  are  illustrated  in  Figure  6.  Il 
will  be  seen  that  the  very  rapid  tissues  achieved  the  same  partial  pressure  of 
nitrogen  (238  ft.  s.  w. )  on  surfacing  in  the  slow  and  fart  ascent  escapes.  The  fact 
that  there  were  no  casujaties  in  the  fast  ascent  series  suggest  that  'very  fast' 
tissues  can  tolerate  a  Haldane  ratio  of  over  10  without  causing  manifest 
decompression  sickness.  The  difference  in  the  surfacing  'fast'  tissue  nitrogen 
tension  with  the  two  rales  of  ascent  is  not  dramatic  (123  and  94  ft.  s.  w. )  but  may 
well  be  critical.  II'  one  calculates  the  highest  partial  pressures  in  various  tissues 
in  A  Ibano’s  study  of  maximal  lime  at  depth  with  immediate  surfacing  (23),  making 
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due  allowance  foi  changes  during  the  20  mctre/min.  ascent,  then  the  following 
figures  are  obtained  :  - 

'Very  fast'  tissues  (80  secs)  :  108  ft.  nitrogen  :  Haldane  ratio  5. 15 

Fast’ tissues  (5  min)  :  105  ft.  nitrogen  :  Haldane  ratio  5. 02 

'Ten-minute'  tissue  :  86  ft.  nitrogen  :  Haldane  ratio  4. 2* 

Albano's  findings  are  very  similar  to  those  of  Hawkins  et  al  <24,  men)  and 

Eaton  et  al  (25,  goats),  fn  these  escapes  the  'ten-minute'  tissue  nitrogen  tension 
is  far  below' these  levels,  but  the  'five-minute'  tissue  nitrogen  tension  is  above  it 
in  the  escape  with  casualties  (123  ft. ,  ratio  5.  7).  If  should  also  be  pointed  out  that 
the  distribution  of  nitrogen  is  very  different  after  a  plain  dive  at  a  constant  depth 
and  after  a  submarine  escape,  especially  with  a  very  short  lime  on  bottom.  In  the 
latter  the  'very  fast'  (1-2  minutes)  and  ’fast'  (4-6  minutes)  tissue  nitrogen  tensions 
are  far  higher  proportionately  than  in  the  slower  tissues.  Indeed,  with  this  'bounce' 
procedure  this  is  not  surprising. 

Eaton,  1967(ii)  (261 

Eaton  completed  another  very  large  series  of  goat  experiments  later  in  the  same  year. 
This  excellent  study,  which  is  reported  in  commendable  detail,  is  again  critically 
important.  The  time  of  compression  was  uniformly  30  seconds,  time  on  bottom  was 
10  or  15  seconds  and  the  rate  of  ascent  was  6  ft.  or  8  ft.  per  second.  Escapes  were 
carried  out  from  550  ft.  working  up  to  800  ft.  (see  Table  I).  Eaton  commenced  with 
30  goats  in  each  simulated  escape  but  casualties  halved  the  number  of  the  groups 
tested  at  the  greatest  pressures. 

The  pressure  exposure  is  far  more  severe  than  would  obtain  in  a  submarine  escape 
as  the  compression  was  linear  and  the  time  at  maximal  pressure  was  three  to  five 
times  that  used  in  Upshot  IV.  The  results  arc  given  in  detail  in  Table  I  and  are 
illustrated  in  a  separate  section  of  Figure  3  to  aid  clarity. 

A  number  of  interesting  findings  emerged. 

1.  In  all  previous  simulated  escapes,  usirg  goats.  Type  H  decompression 
sickness  had  been  incurable  or  fatal  despite  careful  therapeutic  recomprcssion 
with  air.  In  this  particular  series  there  were  15  definite  cases  with  paralysis, 
of  which  12  recovered,  11  with  recomprcssion  to  60  ft.  on  oxygen  and  1  without 
recomprcssion.  Eaton  remarks  'On  recomprcssion  with  oxygen  the  results 
are  dramatic  and  the  goat  has  usually  recovered  by  60  ft. '.  In  two  instances 
(Cases  1  and  5)  the  signs  were  so  transient  that  the  diagnosis  of  decompression 
sickness  was  not  sustained. 

There  could  be  two  possible  explanations  of  these  findings.  Firstly,  that  the 
new  therapeutic  procedure  (Goodman  and  Workman,  1965  (27)) is  far  more 
efficacious  than  the  previous  procedure.  In  view  of  the  very  poor  results  with 
classical  air  therapeutic  recomprcssion  in  Eaton's  previous  1967  series 
(see  Table  I)  at  not  dissimilar  depths  there  can  be  little  doubt  that  this 
procedure  is  a  considerable  advance  at  least  in  this  type  of  decompression 
sickness.  The  size  of  the  bubbles  is  reduced  to  one-third  and  there  is  no 
added  nitrogen  super  saturation  in  the  presence  of  bubbles  in  the  body.  As 
this  treatment  is  now  used,  providing  there  is  rapid  relief,  to  treat 
decompression  sickness  in  human  subjects  after  escapes  it  would  be  of  great 
interest  to  determine  whether  the  oxygen  is  really  critically  important  and 
whether  the  method  is  still  effective  when  'slower'  tissues  are  involved. 
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2.  Even  allowing  ihe  improvement  of  the  therapeutic  procedure,  the  very 
rapid  recovery  of  most  of  the  eases  immediately  after  or  during  rccomprcssion 
to  only  GO  ft.  and  the  spontaneous  recoveries  without  rccomprcssion  suggest 
that,  paradoxically .  the  disease  is  less  severe  at  these  depths  and  that  we 
art*  encountering  a  new  typo  of  decompression  sickness. 

The  author  suggested  tnanv  years  ago  (6)  that  mixed  oxygen-nitrogen  bends 
may  occur  in  this  tyi»e  of  submarine  escape  from  great  depths  while  breathing 
oxy-nitrogen  mixtures  or  even  air.  This  is  an  attractive  hypothesis  in 
relation  to  some  of  these  findings  as  it  would  explain  the  transient  nature  of 
the  Tvjk*  II  decompression  siekness  in  some  instances  and  the  rapid  response 
to  mild  rccomprcssion  in  others.  This  has  been  demonstrated 
in  decompression  sickness  caused  by  super-oxygenated  air  (Donald,  1945; 
llempleman  (2S).  1969). 

Yet  if  we  again  apply  the  tissue  model  to  an  actual  800  ft.  simulated  escape 
in  this  scries  (30  seconds  compression,  15  seconds  on  bottom  6  ft.  per 
second  ascent)  and  assume  that  the  oxygen  uptake,  like  ihe  rate  of  perfusicp, 
is  similar  to  that  of  the  human  brain  (33  ml. /Kg. /min. )  we  find  that  the  excess 
of  dissolved  oxygen  perfusing  into  the  tissue  over  the  oxygen  used  is  very 
small.  The  calculated  i  el  figures  of  excess  dissolved  oxygen  (ml.  per 
kilogramme)  are  given  in  Figure  7  against  the  blood  gas  tension  plot.  It  wil; 
be  seen  that  the  highest  figure  is  18. 1  ml.  /Kg.  of  tissue  (0.  77  atm. )  and  that 
the  oxygen  uptake  exceeds  the  intake  at  420  ft.  As  the  goat  ascends  further 
the  amount  of  excess  oxygen  becomes  trivial  and  finally  'negative'. 

The  same  calculations  were  carried  out  for  a  1000  ft,  escape  with  15  seconds 
or.  bottom  (30  seconds  compression,  15  seconds  on  bottom,  ascent  8  ft.  per 
second)  and  the  highest  excess  tissue  oxygen  tension  was  only  1.  0  atm.  at 
5G0  ft.  After  this,  the  uptake  exceeded  the  intake  and  the  excess  oxygen  fell 
to  zero  in  the  last  few  feet  of  the  aseent. 

It  can  be  said  that  the  tissue  studied  has  a  very  high  oxygen  uptake  but,  in 
general,  the  rate  of  blood  perfusion  of  a  tissue  is  proportional  to  the  degree 
of  metabolic  activity.  Nevertheless  it  is  possible  that  some  tissues  have 
higher  perfusion/metabolism  ratios  and  may  have  significantly  raised  oxygen 
tensions  on  surfacing  in  these  conditions.  For  instance,  the  kidney  has  a  rate 
of  blood  flow  which  is  disproportionate  to  its  oxygen  demands  and  this  may  be 
a  source  of  dangei.  More  research  is  needed  before  a  more  definite  opinion 
concerning  the  role  or  oxygen  ean  lie  given. 

There  is  another  possible  explanation  of  the  changing  characteristics  of  the 
decompression  sickness  as  time  on  bottom  beeomes  briefer  and  the  escapes 
deeper.  We  may  be  dealing  with  a  decompression  sickness  that  only  involves 
the  'fast'  (4-6  min. )  tissues.  When  discussing  the  first  escape  series,  the 
author  attributed  their  success  to  the  old  adage  'Easy  come,  easy  go' 

(Donald,  1948  (2)).  but  there  must  finally  be  a  limit  to  the  'go',  particularly 
if  there  is  a  phase  discontinuity  of  nitrogen. 

Figure  7  illustrates  one  of  the  escapes  from  Eaton's  1967  (ii)  series  from 
800  ft.  where  decompression  sickness  (bends)  occurred  in  only  1  out  of  13 
goats.  The  nitrogen  tension  in  the  'very  fast'  tissues  on  surfacing  was  230  ft. 
(Haldane  ratio  !).!)).  Evidence  has  already  been  given  that  these  very  high 
nitrogen  tensions  on  surfacing  arc  tolerable  in  the  'very  fast'  (1-2  min.  ) 
tissues.  Again  we  find  the  'five  minute'  tissue  nitrogen  tension  on  surfacing 


just  at  the  critical  level  (104  ft.  Haldane  ratio  5.  00).  The  nitrogen  tension  in 
the  'ten  minute'  tissue  on  surfacing  is  56  ft.  (Haldane  ratio  .‘5.  1  1*  and  this  is 
generally  considered  to  lie  he  low  the  tolerable  level  (4.  25). 

In  Eaton's  19G7  (ii)  study  there  is  a  'paired  escape'  from  800  ft.  with  similar  times 
of  compression  and  on  bottom  but  with  a  G  ft.  per  seeond  aseenl  as  opposed 
to  the  8  ft.  ascent  in  the  esea|)c  just  discussed  (see  Table  I).  The  casualties 
in  this  escape  were  far  more  severe.  If  the  behaviour  of  the  tissues  is  calculated 
during  this  escape  the  'very  fast'  tissue  tension  on  surfacing  is  the  same  as  in 
the  G  ft.  ascent  escape,  but  the  'five  minute'  tissue  nitrogen  tension  on  surfacing 
is  significantly  higher  (114  ft.  ,  Haldane  ratio  5.  35).  This  again  suggests  that 
the  'five  minute'  tissues  are  the  most  critical  in  this  type  of  escape.  The  transient 
or  easiiy  curable  nature  of  ihe  decompression  sickness  may  be  partly  due  to  the 
small  amount  of  nitrogen  involved  (see  Table  IVj. 

3.  Finally,  if  this  series  of  escapes  is  studied  in.  Figure  .3,  it  will  be  seen  that 
they  'move  across'  the  time-pressure  dosage  isopleths  (SPdt)  of  500  and  750  h.  f.  s. 
It  ean  also  be  seen  that  at  these  depths  the  critical  SPdt  is  500  h.  f.  s.  The  one 
exception  to  this  in  the  312  exposures  with  an  SPdt  below  500  h.  f.  s.  was  not 
classified  as  a  bend  by  Eaton  as  recovery  was  so  rapid. 

Upshot  V  (HMS  OSIRIS),  July  1970  (29) 

In  June  19G9,  Flag  Officer,  Submarines  approached  the  Royal  Naval  Personnel  Research 
Committee  on  the  feasibility  of  deeper  escape  trials  in  the  open  sea  from  depths  up  to 
GOO  ft.  The  Underwater  Physiology  Subcommittee  considered  this  to  be  entirely  feasible 
but  proposed  that  the  following  experiments  should  be  done  before  embarking  on  such 
escapes. 


1.  No  animal  experiments  had  been  carried  out  with  minimal  time  on  bottom  in 
this  range.  It  was  therefore  proposed  that  the  range  of  safety  of  such  escapes 
should  be  tested  to  the  limit  in  the  following  exposurcs:- 

From  G50,  700,  750,  800,  850,  900  and  950  ft.  using  twelve  goats  at  each  depth 
with  25  seconds  compression,  3  to  5  seconds  at  maximal  pressure  and  an  ascent 
rate  of  8.  5  ft.  per  seeond.  Compression  was  linear  with  respect  to  time  as  the 
pressure  profile  of  sea  escapes  could  not  yet  be  reproduced  in  chambers.  These 
were  duly  carried  out  and  no  untoward  signs  occurred  up  to  800  ft.  After  the 
850  ft.  exposures  all  goats  ’looked  ven-  unwell’  but  developed  no  specific  signs 
and  survived  unharmed.  After  the  900  ft.  exposure  all  animals  appeared  unwell 
and  two  developed  Type  II  decompression  sickness  which  remitted  without 
recompression.  In  the  final  950  ft.  escape  ten  goats  appeared  unwell  but  recovered 
and  two  developed  severe  Type  II  decompression  sickness  which  necessitated  their 
dispatch  (see  Table  I). 

2.  After  these  entirely  successful  escapes  up  to  800  ft.  the  Underwater 
Physiology  Subcommittee  recommended  human  chamber  escape  trials  as  follows 

Escapes  from  500.  550,  GOO  and  G25  ft.  with  20  seconds  compression, 

3  seconds  at  maximal  pressure  and  a  rale  of  ascent  of  8.5  ft.  per  second. 

These  were  successfully  accomplished  without  any  untoward  events  (see  Table  II 
and  Figure  4).  The  maximal  risk  escapes  from  G25  ft.  had  a  calculated  SPdt  of 
312  h.  f.  s. 
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The  sea  trials  were  carried  out  successfully  in  July  1970,  the  deepest  escapes  being 
vom  '>$(!  ft.  (keel  depth  GOO  ft.).  One  important  incident  occurred.  The  trials'  officer 
uffcretl  'impairment  of  vision  and  balance'  after  an  ascent  from  505  ft.  He  made  a 
rapid  and  complete  recovery  with  recompression  to  60  ft.  on  oxygen.  SIJdt  was  237  h.  f.  s. 
and  judging  by  other  human  and  goat  exposures  this  would  have  been  expected  to  be  an 
extremely  safe  escape.  A  detailed  medical  report  is  still  awaited. 

Decompression  Sickness  in  Human  Subjects  after  Escapes 

It  is  worth  briefly  considering  the  present  posiiion  with  regard  to  post-escape 
decompression  sickness  in  human  subjects. 

Although  goats  differ  from  men  in  their  handling  of  nitrogen  after  prolonged  exposures 
there  has  been  a  remarkable  similarity  between  men  and  goats  after  relatively  short 
exposures  (sec  Barnard  and  Eaton,  1365  (18))  and,  until  recently,  it  was  reasonably 
assumed  that  the  same  applied  to  these  escape  procedures.  Nevertheless  a  considerable 
margin  of  safety  was  allowed  when  moving  from  goat  to  human  exposures. 

Only  two  subjects  have  suffered  decompression  sickness  after  chamber  or  sea  escapes. 

The  first  has  already  been  mentioned.  This  subject,  who  was  the  oldest  member  of  the 
group  and  supervising  officer,  suffered  a  Type  IT  bend  after  a  chamber  escape  from  500  ft. 
The  exposure  was  fairly  severe  (SPdt  442  h.  f.  s. ).  This  officer  had  carried  out  four 
chamber  escapes  from  450  or  500  ft.  (SPdt  280-400  h.  f.  s. )  over  a  period  of  four  weeks 
prior  to  the  episode.  After  the  event  he  carried  out  an  escape  from  450  ft.  (SPdt  340 
h.  f.  s. )  one  week  later,  an  escape  from  450  ft.  (SPdt  280  h.  f.  s. )  three  months  later 
and  another  escape  from  450  ft.  (SPdt  230  h.  i.  s. )  three  weeks  later.  In  this  last 
escape  he  again  developed  Type  II  decompression  sickness  with  'heaviness'  and 
parasthcsiac  affecting  the  left  arm.  buttock  and  thigh.  His  previous  attack  had  been  on 
the  right  side.  Symptoms  and  signs  (loss  of  knee  bicipital  reflexes)  did  not  clear 
until  he  was  compressed  to  165  ft.  on  air.  He  made  a  complete  recovery. 

The  recent  incident  in  Upshot  V  has  some  important  similarities.  It  occurred  at  a  level 
of  exposure  where  bends  were  not  expected.  The  subject  was,  again,  the  supervising 
officer  who  had  been  exposed  to  high  pressures  a  great  deal.  Further,  he  had  carried  out 
a  considerable  number  of  sea  escapes  in  the  previous  few  days.  He  was  the  oldest  member 
of  the  group.  He  stated  that  he  had  suffered  a  not  dissimilar  attack  (visual  scotoma) 
while  boxing  some  years  before.  He  is  a  migrainous  subject. 

Thus  both  men  had  carried  out  a  number  of  escapes  before  the  event  and  both  were  the 
oldest  subjects.  As  Todd  aptly  remarks  (29)  'repetitive  escaping  is  an  unexplored  subject'. 
As  we  would  expect,  officers  have  certainly  insisted  on  doing  more  than  the  average  stint 
in  escape  trials.  It  is  highly  probable  that  bubbles  arc  liberated  in  all  these  deep  escapes 
and,  ir.  ur  present  state  of  knowledge,  it  might  be  wise  to  strictly  limit  the  total  number 
of  deep  escapes  by  one  subject  during  the  whole  of  his  service  career.  The  question  of 
age  may  be  also  important  as  these  officers,  with  due  respect,  had  passed  their 
pin  siological  prime. 

If  there  are  to  be  future  deep  escape  trials  then  these  matters  will  certainly  need 
resolution. 

1  inallv,  migraine  in  a  subject,  although  it  may  well  have  hecn  irrelevant  in  the  Upshot  V 
incident,  is  not  without  danger  in  extreme  hyperbaric  work.  Stress  precipitates 
migraine  and  if  the  subject  is  under  pressure  during  the  period  of  local  cerebral 
vasodil  ilalion  then  there  would  he  a  real  risk  of  abnormal  quantities  of  nitrogen, 
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and  c\en  oxygen,  being  absorbed  by  the  part  of  the  brain  involved.  It  apjicars  that 
we  have  stumbled  over  vet  another  contra-indication  to  high  pressure  work. 

Eaton  and  Hemplcinan,  1971  (.‘50) 

Since  the  submission  of  the  first  draft  of  this  memorandum  to  the  Subcommittee,  the 
above  workers  have  issued  a  preliminary  report  on  the  use  of  decompression  stops 
after  simulated  escapes  by  goats  from  very  great  depths  (up  to  1200  fi.  ). 

Three  minute  'stops'  at  30  ft.  allow  safe  escapes  to  be  made  from  900  and  950  ft. 

(30  seconds  linear  compression,  5  seconds  on  bottom,  ascent  at  S.  5  ft.  per  second). 
With  4  minute  'stops'  at  40  ft.  escapes  can  be  made  from  1100  ft.  without  casualties. 
K.E.  Tavlei  (DCS)  has  intimated  that  escape  suits  capable  of  withstanding  positive 
pressures  ef  up  to  50  ft.  may  well  be  feasible. 

These  workers  subscribe  strongly  to  the  author’s  proposition  that  oxygen 

may  be  playing  an  important  rSle  in  the  decompression  sickness  encountered  after 

very  deep  escapes. 

If  one  calculates  the  orders  of  nitrogen  tension  after  a  1000  ft.  escape  they  are  as 
follows  :  - 


'Very  fast' tissues  (1.3  min. )  :  2G5  ft. 

'Fast' tissues  (5  min. )  :  124  ft. 

'Ten-minute'  tissue  :  G8  ft. 

'Twenty-minute'  tissue  :  1G  ft. 


Haldane  ratio  11.1 
Haldane  ral  io  5.  75 
Haldane  ratio  3.  G 
Haldane  ratio  1 .  G 


This,  as  already  emphasized,  is  an  entirely  different  pattern  to  that  encountered  after 
exposures  to  relatively  constant  increased  air  pressure.  It  is  unlikely  that  the  TO  and 
20  minute'  tissues  arc  involved  in  the  decompression  sickness  in  this  situation  as  they 
are  well  below  the  accepted  critical  levels.  The  'very  fast'  tissues,  although  they  have 
these  remarkable  nitrogen  tensions,  do  not  appear  to  be  critical  as  calculations  show 
that  they  would  drop  dramatically  to  104  ft.  (ratio  of  5.  0)  after  3  minutes  at  30  ft. 

Yet  with  this  'stop'  after  a  1000  ft.  escape  20^  of  goats  developed  bends. 

The  '5  minute'  tissue  nitrogen  tension  would  drop  to  85  ft.  (ratio  4.  25)  after  a  1  minute 
stop  at  40  ft.  and  to  90  ft.  (ratio  4.  45)  after  a  3  minute  stop  at  30  ft.  These  figures  are 
not  conclusive  but  considering  the  many  assumptions  made  in  these  calculations,  the 
possible  reinforcement  bv  oxygen  and  the  added  effect  of  jjossiblc  phase  separation  of 
gas  they  are  highly  suggestive  ihat  the  critical  tissues  arc  in  the  '5  minute  zone'. 

CONCLUSION 


The  whole  purpose  of  this  work  over  the  last  twenty-six  years  has  been  to  make  submarine 
escape  possible  from  considerable  depths. 

The  achievement  has  been  remarkable.  Escapes  have  been  successful  1\  carried  out  from 
a  submarine  depth  of  GOO  ft.  We  can  state,  with  reasonable  confidence,  that  safe  escapes 
can  be  achieved  from  750  ft.  There  would  be  a  majority  of  survivors  from  900  and  950  ft. 
but  there  would  certainly  lie  casualties  who  would  require  urgent  recomprcssion.  The 
problem  of  escapes  from  anywhere  on  the  continental  shelf  has  therefore  been  solved. 

The  demands  on  the  escaper  are  not  great,  although  no  one  would  pretend  that  escaping 
from  a  submarine  by  any  method,  particularly  alter  an  accident  or  hostile  action,  is 
anything  but  unpleasant.  Nevertheless  all  that  the  escaper  has  to  do  is  to  connect  his 
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'  fed  inflation  system  anti  see  tluit  it  remains  connected  during  compression.  The  rapidity 
of  tin  procedure  is  such  that  from  the  time  of  commencing  compression  to  surfacing  in  a 
•too  ft.  esca|>o  is  9.1  seconds,  the  escaper  having  briefly  passed  through  a  pressure  of 
over  1!)  atmospheres  absolute  and  back  to  one  atmosphere. 

The  two  eases  of  decompression  sickness  in  the  human  escape  trials  must  not  be  forgotten. 

\\  e  must  accept  that  they  may  occur  sporadically  in  fit  men  after  deep  escapes  that  arc 
generally  considered  to  he  safe,  /vgc  is  almost  certainly  an  important  factor.  It  is 
possible  that  even  these  very  occasional  casualties  will  disappear  if  repeated  deep 
escajK's  by  the  same  individual  are  avoided  in  the  future. 

decompression  must,  when  possible,  be  always  available.  The  method  of  recompression 
introduced  by  Eaton  for  i>ost-cscapc  decompression  sickness  is  certainly  an  important 
advance. 

With  the  modern  escape  pressure  profile  {rapid  'geometric*  compression,  minimal  time 
on  bottom,  ascent  at  8.5  ft.  per  second)  SPdt  is,  perhaps,  more  by  good  luck  than  good 
judgement,  an  excellent  method  of  assessing  the  degree  of  safety.  It  can  be  calculated 
for  any  escape,  without  even  a  paper  and  pencil  in  a  few  seconds  and  gives  a  good 
measure  of  the  ’4-6  minute*  {and  longer)  tissue  nitrogen  tensions  on  surfacing. 

Throughout  this  work  it  has  been  the  deliberate  policy  of  the  Underwater  Physiology 
Subcommittee  to  exploit  the  most  simple  method  (air-breathing,  immediate  surfacing) 
to  its  absolute  limit  before  considering  any  more  complex  alternatives.  This  limit 
has  now  been  r  ;ached.  Compression  is  now  so  rapid  that  ear  drums  have  been  ruptured 
on  a  number  of  occasions.  The  episodes  are  apparently  painless  and  the  drum  heals 
quickiv.  Perhaps  compression  can  be  further  shortened  but  the  advantage  will  be  very 
slight  except  at  enormous  depths,  say  over  1500  ft.  ,  where  it  would  probably  be  essential. 

Time  on  bottom  is  already  minimal.  The  rate  of  ascent  cannot  be  further  increased  without 
propulsion.  This  is  not  fcasib  c  at  present  and  very  rapid  ascent  may  introduce  new  hazards. 
In  the  not  unlikely  event  of  small  propulsion  units  becoming  available  they  will  certainly 
be  of  great  use,  particularly  in  very,  very  deep  escapes  (below  1500  ft. )  as  an  escaper 
could  accelerate  during  his  early  ascent  and  decelerate  as  he  approaches  the  surface. 
Automatic  drogues  have  already  been  suggested  for  this  latter  purpose  (29).  These 
possible  developments,  reminiscent  of  astronauts,  emphasize  the  great  simplicity  of 
the  present  method. 

Super-oxygenated  air  which  allowed  much  longer  exposures  at  300  ft.  appeared  at  one 
time  to  have  great  promise.  However,  with  the  modern  type  of  escape,  air  is  safe  up 
to  about  700  ft.  and  at  greater  depths  oxygen  rich  mixtures  would  almost  certainly 
cause  mixed  oxvgen/nitrogen  bends. 

The  use  of  decompression  stops  by  developing  a  suit  to  retain  up  to  1.  5  atmosphere 
internal  pressure  for  several  minutes  will  certainly  increase  the  depths  from  which 
safe  escapes  can  be  made.  Incidentally,  the  rate  of  fall  of  tissue  nitrogen  in  the  subject 
is  greater  at,  say,  a  30  ft.  stop  than  at  a  40  ft.  stop  and  the  use  of  the  mors  shallow 
stops  should  be  fully  exploited. 

Another  problem  which  needs  clarification  is  the  rise  of  pressure  in  the  submarine 
before  and  during  the  escapes.  It  is  obviously  most  important  to  keep  the  initial  nitrogen 
in  the  escaper's  bod'  to  a  minimum. 
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There  is  still  the  ever-present  risk  of  aero-embolism  whether  a  man  is  escaping 
from  :;o  or  1000  fi.  It  is  fortunately  very  rare  ar.,1  occurs  most  frequently  in  training 
where  large  groups  of  men  are  first  exposed  to  these  conditions.  Scrupulous 
observation  and  immediate  reeompression  usually  prevent  serious  eon  sequences. 
More  knowledge  is  needed  of  the  minor  abnormalities  of  the  iung  which  occasion 
this  highly  dangerous  series  of  events,  particularly  with  a  view  to  their  detection 
during  routine  medical  examinations. 

Finally’,  although  this  review  is  almost  exclusively  concerned  with  decompression 
sickness  after  submarine  escape,  the  author  and  his  colleagues  are  well  aware 
that  without  the  ingenuity  and  skills  of  many  experts  in  all  aspects  of  naval  science 
and  the  energy  and  enthusiasm  of  the  executive  officers  responsible  for  the  escape 
trials,  the  present  method  of  submarine  escape  would  have  remained  a  laboratory 
dream. 
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Annex  to: 


UPS  290 

C:i  leu  hit  ion  of  Tissue  Nitrogen  Tension  during  F.  sen  pc  Cycle  and  on  Surfacing1 

On  In  two  tallies  (III  anil  IV)  are  given  to  illustrate  the  method  used.  These  show  the 
calculated  uptake  of  nitrogen  of  an  'SO  second'  tissue  and  of  a  '5  minute'  tissue  during 
an  escape  from  500  ft.  (compression  20  seconds  (geometric),  time  on  bottom  3  seconds, 
aseentS.  3.  ft.  per  second). 

Note  that  in  these  tables  the  gas  tensions  in  the  arterio-eapillary  blood  is  being  specified 
and  therefore  the  times  of  the  compression,  bottom  and  decompression  phases  are  ail 
delayed  10  seconds  io  allow  for  the  lung-tissue  circulation  time  (see  Figure  1).  The 
time  of  surfacing  is  die  tiaie  surfacing  time  as  interest  lies  in  the  nitrogen  tissue  tension 
at  this  moment. 

Throughout  the  paper  the  model  studied  is  one  kilogramme  of  'fluid'  ’issue  (partition 
coefficient  unity).  It  is  also  assumed  that  the  absorption  of  nitrogen  is  entirely  perfusion 
limited  and  that  there  is  complete  equilibration  of  nitrogen  tension  throughout  the 
kilogramme  of  tissue  and  the  effluent  blood.  This  is  generally  considered  permissible 
with  'very  fast',  'fast'  and  'relatively  fast'  tissues  (1.3  to  10  minutes  half- saturation 
time) 

The  total  excess  of  nitrogen  carried  by  the  incoming  blood  at  tensions  above  the  tissue 
tension  is  calculated  for  each  specified  period  in  ml.  It  is  then  partitioned  between 
tissue  and  blood.  The  resultant  tissue  uptake  of  nitrogen,  which  is  cumulative,  is  then 
converted  to  tissue  nitrogen  tension  stated  first  in  atmospheres  (solubility  of  nitrogen 
employed  is  12.  2  ml.  /I.  /7G0  mm.  Hg.  nitrogen  tension)  and  then  in  feet  of  sea  water. 

Thus  the  tissue  nitrogen  tension  can  be  used  to  repeat  the  exercise  during  the  next  pei’iod. 

When  the  blood-tissue  nitrogen  gradient  is  reversed,  the  total  excess  nitrogen  in  the 
kilogramme  of  tissue  is  calculated  and  this  is  partitioned  between  the  tissue  and  the  blood. 
The  partition  factor  to  determine  the  loss  of  nitrogen  to  blood  from  the  tissue  is  one  minus 
the  usual  factor  (see  Table  III).  The  model  studied  in  Table  ID  has  a  perfusion  rate  of 
540  ml.  /Kg.  /min.  which  is  similar  to  that  of  the  human  brain.  Half  saturation  time  at 
constant  increased  pressure  is  80  seconds  (k  =  0.  52).  The  calculated  results  are  plotted 
in  Figure  1.  More  detailed  calculations  show  that  the  blood-tissue  nitrogen  gradient 
becomes  zero  four  seconds  before  surfacing  and  that  the  nitrogen  lost  during  this  period 
is  almost  negligible  (0.  2  ml. ). 

In  the  I  wer  half  of  Table  III  the  tissue  nitrogen  uptake  is  calculated  as  if  it  remains 
entireh  proportional  to  the  tension  of  nitrogen  in  the  incoming  blood  and  the  rise  of 
nitrogen  tension  in  the  tissue  is  ignored.  This  assumption  is  made  when  SPdt  is  used 
as  a  measure  of  nitrogen  uptake  during  the  escape.  The  uptake  of  nitrogen  allowing 
for  the  rise  of  tissue  nitrogen  tension  is  7G%  of  that  when  the  simple  SPdt  procedure  is 
adopted. 

In  Table  IV  a  similar  exercise  is  carried  out  with  a  model  where  the  perfusion  rate  is 

12. >  ml.  T./min.  Al  a  constant  increased  pressure  the  lime  of  half-saturation  is  5  minutes 

(k  0.139). 

The  notable  findings  are  that  nitrogen  is  taken  up  by  the  tissue  throughout  the  escape 
procedure.  The  total  uptake  is  just  over  one-third  of  the  uptake  by  the  '80  second' 

(issue.  The  difference  between  the  nitrogen  uptake,  allowing  for  increasing  tissue 
nitrogen  tensions  and  the  uptake  when  this  factor  is  ignored  (SPdt  calculation)  is 
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remarkably  small.  The  SPdt  figure  is  93%  of  the  former  figure.  As  it  appear- 
probable  (see  main  tcxt)thatthc  '5  minute'  tissues  are  particularly  important  in  the 
genesis  cf  decompression  sickness  in  air  escapes  this  may  account  for  the  surprisingly 
good  correlation  between  SPdt  and  the  occurrence  of  decompression  sickness,  especially 
in  the  rapid  'bounce'  escapes  at  greater  depths  (see  Figures  2  and  3). 

It  should  be  emphasized  that  in  reality  the  concept  of  '5  minute'  or  '80  second’  tissues 
does  not  necessarily  apply  to  a  particular  continuous  tissue.  The  perfusion  rates  of  am 
specific  tissue  or  oigan  vary  greatly  in  different  parts  of  that  organ  and  small  areas  of 
tissue  with  particular  time  constants  may  be  scattered  through  many  parts  of  the  body. 

This  would  account  for  the  great  variety  of  signs  or  symptoms  even  when  'fast'  tissues 
arc  mainly  involved,  although  the  central,  and  perhaps  peripheral,  nervous  system 
appear  most  vulnerable  in  this  regard. 
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TIME  !N  SECONDS  FROM  COMMENCEMENT  OF  ESCAPE  PROCEDURE 


Figure  1  Illustrating  the  time  pressure  relationships  in  a  submarine  escape 
(Upshot  V  type)  from  500  ft.  The  calculated  nitrogen  tension  in  a  'very  fast' 

(k  0.  52)  'fast'  tissue  (k  =  0. 14)  are  also  shown  during  the  escape  cycle, 
(see  text  and  Annex). 


20  - 


— - T.O.B. - 
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Figure  2  Diagramatie  representation  of  t:  ne-pressure  relationships  during 
simulated  or  real  submarine  escape  (heavy  line).  C  time  of  compression, 
T.O.  B.  =  time  on  bottom,  D.  C.  =  time  of  decompression.  The  interrupted 
line  shows  the  relationship  with  doubling  of  pressure  in  constant  time  as  in 
Upshot  IV  and  V.  (see  text). 
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COMPRESSION  TME^  +  THE  ON  BOTTOM  +  DECOMPRESSION  ucoo* 


Figure  3  The  escape  depth  is  plotted  against  the  'equivalent  time'  at  full  depth 
(C/2  +  T.  O.  B.  +  D.  C.  /2;.  The  isopleths  represent  the  multiple  of  these  values 
and  equals  /*t  Excess  P.  dt  (SPdt).  All  goat  experiments  from  1945  to  1970  are 
illustrated.  Eaton's  19G7(ii)studies  are  shown  in  a  separate  panel  along  with  the 
goat  studies  from  G50  to  950  ft.  carried  out  before  Upshot  V.  There  is  only  one 
symbol  for  each  group  of  goats  with  a  particular  escape  profile,  (see  text  and 
table). 
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Figure  4  The  eseape  depth  is  plotted  against  the  calculated^  Exeess  pressure  dt. 
All  goat  experiments  from  1945  to  1970  are  illustrated.  There  is  only  one  symbol  for 
each  group  of  goats  with  a  particular  escape  profile  (see  text  and  table). 
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Figurc  5  Human  exposures  only  (see  Table  II).  The  escape  depth  is  plotted 
against  the  'equivalent  time'  at  full  depth  (C/2  +  T.  1.  B.  +  D.  C.  /2).  The  isopleths 
represent  the  multiple  of  these  values  and  equal  /t  Excess  P.  dt.  (SPdt).  The  only 
two  cases  of  post-escape  decompression  are  discussed  in  the  text.  There  is  only  one 
symbol  for  each  group  with  a  particular  escape  profile. 


-  24  - 


J 


{ 


10  50  100  150  200 

TIME  IN  SECONDS  AFTER  COMMENCEMENT  OF  ESCAPE 


Figure  6  Illustrating  the  time  pressure  relationships  in  a  700  ft.  escape  (Eaton.  1967(i)) 
with  widely  differing  rates  of  ascent  (6  ft.  per  see.  and  15  ft.  per  see. ).  The  calculated 
nitrogen  tensions  in  the  'very  fast'  (k  =  0.52)  and  'fast'  Ik  =  0. 14)  tissues  are  shown  in  both 
escapes.  There  were  three  fatal  eases  of  D.  C.S.  out  of  six  in  the  6  ft.  per  see.  ascent 
escapes  and  no  cases  of  D.  C.S.  in  eight  15  ft.  per  see.  ascent  escapes. 

Only  the  blood  gas  tensions  are  shown,  the  ambient  pressure  changes  are  about  10 
seconds  earlier,  (see  Figure  1). 
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TIME  IN  SECONDS  FROM  COMMENCEMENT  OF  ESCAPE  PROCEDURE 


Figure  7  Illustrating  the  time  pressure  relationships  in  an  800  ft.  escape 
(Eaton,  19G7 (ii)).  The  calculated  nitrogen  tensions  in  '80  second',  '5  minute'  and 
TO  minute'  tissues  are  shown  during  the  escape  evele.  Only  one  out  of  eight  goats 
developed  D.  C.  S.  after  this  escape. 

The  figures  along  the  arterio-eapillary  blood  gas  tension  line  show  the  excess  of 
dissolved  oxygen  (in  ml.  )  over  oxygen  consumed  in  one  kilogramme  of  '80  second' 
tissue  with  an  oxygen  uptake  of  ,33  ml.  /Kg.  /min.  (sec-  text). 
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